Background: Thermal stress affects inheritance of prion amyloids in budding yeast. Results: Heat shock-induced processing of actin assembly protein Lsb1 is involved in yeast prion inheritance.
strate that Lsb1 also regulates maintenance of the Sup35 prion during and after heat shock. These data point to the involvement of Lsb proteins in the partitioning of protein aggregates in stressed cells. Lsb1 abundance and cycling between actin patches, endoplasmic reticulum, and cytosol is regulated by the Guided Entry of Tail-anchored proteins pathway and Rsp5-dependent ubiquitination. Heat shock-induced proteolytic processing of Lsb1 is crucial for prion maintenance during stress. Our findings identify Lsb1 as another component of a tightly regulated pathway controlling protein aggregation in changing environments.
Environmental stresses such as heat shock (HS) lead to an increased misfolding of a wide range of proteins (1) (2) (3) (4) . Recent data suggest that the spread of large quantities of misfolded proteins throughout the cell could be toxic, whereas their assembly into the large aggregate deposits plays, to a certain extent, a protective role (5) (6) (7) (8) . Large aggregates of stress-damaged proteins accumulate asymmetrically in the older mother cell upon cell division and this serves as a mechanism of protecting "rejuvenated" daughter cells from toxic effects of protein aggregation in the budding yeast (9 -11) . This mechanism is clearly not restricted to organisms with the morphologically asymmetric cell division and is proposed to also play a role in differentiation between the "mortal" somatic and "immortal" stem cells (12) . Decreased diffusion of larger aggregates through the bud neck, coupled with more efficient solubilization of aggregates in the bud, was suggested as an explanation for the asymmetry (13) . However, other evidence indicates that at least some aggregates either are trapped in a scaffold of actin cables in the mother cell or are subject to active retrograde transport back to the mother from the growing bud, in a process requiring the polarisome and the actin cytoskeletal network (10, 14) . Although the relative contributions of these alternative mechanisms are still being debated, it is clear that asymmetric accumulation of aggregates in the yeast mother cells depends on the chaperone Hsp104 and the actin cytoskeleton (9, 15, 16) . Other data confirm that the actin cytoskeleton is crucial for mediating responses of a eukaryotic cell to environmental stresses (17) . How the actin machinery selectively binds to the damaged protein aggregates is a yet unresolved question.
Self-perpetuating ordered ␤-rich protein aggregates (amyloids) are associated with a variety of human diseases, including such widespread disorders as Huntington, Alzheimer, and Parkinson diseases (18) . Transmissible amyloids (prions) can be spread by extracellular infection in mammals (19, 20) . In lower eukaryotes such as yeast, prions are inherited via the cytoplasm (19, 20) . Yeast prions are Q/N-rich proteins broadly used as an experimental model for the aggregation-related disorders (19, 20) . Recent data demonstrate that the yeast prion [PSI ϩ ], a selfperpetuating amyloid form of the translation termination (release) factor Sup35 (eRF3), exhibits asymmetric mother-specific distribution in the cell divisions after heat stress, leading to increased prion loss (21) . Therefore, segregation of this yeast prion parallels the segregation of heat-damaged aggregated proteins. As the [PSI ϩ ] prion exhibits a detectable phenotype, this allows for the phenotypic monitoring of aggregate distribution and loss in cell divisions following stress treatment. Destabilization of some [PSI ϩ ] variants after disruption of the actin cytoskeleton by latrunculin A (22) reinforces the connection between [PSI ϩ ] homeostasis and the actin cytoskeleton. Perturbations of the actin cytoskeleton are linked to physiological and environmental signals by actin nucleation-promoting factors (17) . The human Wiskott-Aldrich syndrome protein and its yeast homolog Las17 are the crucial components (23) . The activity of Las17 is regulated by multiple interacting partners that bind to its proline-rich regions via SH3 4 domains and form dynamic protein complexes at actin patches, major sites of endocytic vesicle assembly. Regulation of these complexes by altered protein-protein interaction and protein turnover involves ubiquitination by the HECT-type ubiquitin ligase Rsp5, and/or binding to ubiquitin (Ub) (24) . Lsb2, a yeast Las17-binding protein with a Ub-binding domain modulates prion dynamic, and both, Lsb1 and paralogous Lsb2 protein, have been identified as negative regulators of Las17-induced actin polymerization (25) .
In this work, we use the yeast prion [PSI ϩ ] as a model system for investigation of the role of actin assembly proteins in aggregation-induced damage. We have previously demonstrated that the Las17-binding protein Lsb2 promotes the initial nucleation of the [PSI ϩ ] prion aggregates and aids in [PSI ϩ ] maintenance after heat shock (26) . Lsb1 is highly homologous to Lsb2, however, it does not promote [PSI ϩ ] nucleation. Here, we show that, similar to the deletion of LSB2, the deletion of LSB1 increases destabilization of [PSI ϩ ] by short-term heat shock, whereas a combination of both deletions has a cumulative effect. Moreover, the proteolytic processing of Lsb1 at the C-proximal region is triggered by heat shock and is required for its role in prion maintenance. Cycling of Lsb1 between actin patches, cytosol, and the nuclear-ER rim is controlled by Rsp5-dependent ubiquitination, proteolytic processing, and the Guided Entry of Tail-anchored proteins (GET) pathway. Our data show that both Lsb1 and Lsb2 are involved in the cellular machinery of aggregate segregation in the stressed cells.
EXPERIMENTAL PROCEDURES
Strains and Plasmids-Saccharomyces cerevisiae strains used in this study are listed in the Table 1 . Disruptions, tagging, and mutations of chromosomal genes were generated by PCR-mediated gene replacement (27) and delitto perfetto, in vivo sitedirected mutagenesis (28) and verified by sequencing.
The LSB1 coding sequence was cloned under copper inducible promoter P CUP1 either in pRS316 or pRS315, pGAD, and pGBDU. Mutations and fusions of LSB1 with GFP, mCherry, FLAG, HA, or yeast two-hybrid DNA-binding/activating domains were achieved via the overlapping PCR cloning approach. The following plasmids were also used in this study: pGBDU and pACTII with Sup35N fragment, which includes the first 113 codons of SUP35 (6), pGAD-Lsb1 and pGBDULsb2 wild type and mutant (26) for yeast two-hybrid analysis; pYep105-Myc-Ub for analysis of Lsb1 ubiquitination (29) ; pYes-HA-Rsp5⌬C for analysis of Lsb1 stability (30); pRS315-Sup35-dsRED (31) and pRS316-Lsb1-GFP (26) to study protein co-localization.
Growth Conditions-Standard yeast media, cultivation conditions, procedures for transformation, phenotype scoring, and yeast two-hybrid analysis were used (32) .
[ ] Segregation by Micromanipulation-Individual cells from heat-shocked culture were placed onto YPD, spaced apart by using the Singer micromanipulator MSM system Series 300, and allowed to form buds. The first bud ("daughter") was separated from the original cell ("mother") by micromanipulation. After each cell formed a colony, the presence of [PSI ϩ ] was monitored by color (21) . The probability of random deviation of the observed results from those expected in case of equal segregation of [PSI ϩ ] between the mother and daughter cells has been calculated by using the -square approach and table (34) . 
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Protein Analysis-Cells were lysed by boiling in SDS loading buffer or by vortexing with glass beads (for immunoprecipitation (IP) and cellular fractionation) (26) . The IP experiments were performed using FLAG M2 affinity gel (Sigma) or anti-HA-agarose (Thermo Scientific). Cell extracts were fractionated by centrifugation at 25,000 ϫ g. The sucrose step gradient was performed as outlined (35) . The cycloheximide chase experiment was performed as described (26) . To examine the effect of proteasome inhibitors on processing of Lsb1, MG132 was added to the cells growing in a synthetic medium supplemented with 0.1% proline and 0.003% SDS to increase an uptake of MG132 (Sigma) as described previously (36) . An equal amount of cells was collected at the specific time point and lysed by boiling to isolate protein. Protein extracts and IPs were examined by Western analysis with specific antibodies. We used the following specific antibodies: anti-HA HA.11 (Covance, Inc., Emerville, California), anti-Myc 9B11 (Cell Signaling Technology), anti-Pgk (Molecular Probes, Inc., Eugene, OR), anti-Rpt5 (Enzo Life Science (Plymouth Meeting, PA), antiLsb1/2 generated by ProSci, Inc., (Poway, Ca), anti-Pma1 (Abcam), and anti-Dpm1 (Molecular Probes). In all experiments, we used appropriate secondary antibodies from GE Healthcare Ltd.
Liquid Chromatography Coupled to Tandem Mass Spectrometry (LC-MS/MS)-
To identify the processing site of Lsb1, fulllength and processed Lsb1 (tagged with HA) were immunoprecipitated using anti-HA-agarose, separated by SDS-PAGE, and analyzed by LC-MS/MS after in-gel tryptic digestion. For this purpose, protein samples were run on a 10% SDS-PAGE gel and stained with Coomassie Blue. Slices containing the respective bands were cut off the gel, distained, and subjected to in-gel digestion (12.5 ng/l of chymotrypsin). Extracted peptides were loaded onto a C 18 column (100-m inner diameter, 15 cm long, ϳ300 nl/min flow rate, 3 M resin from Michrom Bioresources, Auburn, CA) and eluted during a 10 -30% gradient (Buffer A: 0.4% acetic acid, 0.005% heptafluorobutyric acid, and 5% AcN; Buffer B: 0.4% acetic acid, 0.005% heptafluorobutyric acid, and 95% AcN). The eluted peptides were detected by Orbitrap (300 -1600 m/z, 1,000,000 automatic gating control target, 1,000-ms maximum ion time, resolution 30,000). MS/MS scans in an LTQ linear-ion trap mass spectrometer (2 m/z isolation width, 35% collision energy, 5,000 automatic gating control target, 150 ms maximum ion time) (Thermo Finnigan, San Jose, CA) were acquired by data-dependent acquisition. All data were converted from raw files to the .dta format using ExtractMS version 2.0 (Thermo Electron) and searched against Yeast Reference Database downloaded from the National Center for Biotechnology Information using the SEQUEST Sorcerer algorithm (version 3.11, SAGE-N). Searching parameters included mass tolerance of precursor ions (Ϯ50 ppm) and product ion (Ϯ0.5 m/z), semichymotryptic restriction, with a dynamic mass shift for oxidized Met (ϩ15.9949). Only b and y ions were considered during the database match. To evaluate the false discovery rate, all original protein sequences were reversed to generate a decoy database that was concatenated to the original database. The false discovery rate was estimated by the number of decoy matches (nd), and total number of assigned matches (nt). False discovery rate ϭ 2 ϫ nd/nt, assuming that mismatches in the original database were the same as in the decoy database. All MS/MS spectra for proteins identified by a single peptide were manually inspected.
Fluorescence Microscopy-Proteins with the indicated fluorescent tag were imaged in living cells with a ϫ100 oil immersion objective on the Olympus IX81 microscope (Olympus America, Inc., Melville, NY), equipped with a Hamamatsu digital camera (Hamamatsu photomics, Japan). Time lapse experiments (supplemental Movies S1 and S2) were carried out on Applied Precision Delta Vision Core system (Applied Precision, Issaquah, WA) with Olympus ϫ100 1.35 NA oil immersion objective (Olympus America, Inc. Melville, NY) and deconvolved with SoftWoRx software. Colocalization of Lsb1-GFP with Sup35-NM-dsRED were analyzed on the Zeiss LSM510 confocal microscope (Carl Zeiss, Inc., Thornwood, NY) with a ϫ100 1.3 NA Zeiss oil immersion objective. GFP was excited with a 488-nm laser line attenuated to 1.25% of laser intensity (Argon 40 milliwatt), Ds Red was excited with 543 nm attenuated to 34% of laser intensity (1 milliwatt HeNe). ] variant, the prion is destabilized if cell divisions are resumed after short term, mild HS (30 -60 min, 39°C). However, if cells are incubated at higher temperature for a longer time (several hours) and then resume cell divisions, prion destabilization is not observed, i.e. it is not lost after longer incubation at high temperature (21) . As Sup35 is a release factor, its inactive prion form exhibits a translation termination defect, leading to the readthrough of a stop codon. In the strains bearing an ade1-14 (UGA) reporter allele, this defect is phenotypically detectable by growth on ϪAde medium and a light-pink color on complete YPD medium, as opposed to the deep red color of a [psi Ϫ ] strain (33 (26) . We have now demonstrated that lsb1⌬ also increases heat shock-induced [PSI ϩ ] destabilization, although less dramatically than lsb2⌬ (Fig. 1B) . Notably, the double lsb1⌬ lsb2⌬ strain showed the same magnitude of [PSI ϩ ] destabilization as the single lsb2⌬ strain after short exposures to HS, but exhibited increased prion loss after longer exposure to HS, in comparison to both wild type and single deletion strains. Each deletion (and most dramatically the double lsb1⌬ lsb2⌬) significantly increased the proportion of red versus mosaic colonies, indicating that lack of Lsb protein(s) impairs the ability of the [PSI ϩ ] prion to survive HS treatment
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more than it affects segregation in cell divisions following HS (data not shown). Although loss of viability in the wild type, lsb1⌬ and/or lsb2⌬ exponential cultures at 39°C is very modest (Fig. 1C) , it can be detected by micromanipulation analysis of heat-shocked cells; moreover, HS-induced cell death is increased in the lsb1⌬ lsb2⌬ strain compared with the wild type strain (Table 2 ). In addition, the heat-shocked lsb1⌬ lsb2⌬ culture contained more cells producing only one viable cell in the first cell division after HS. Morphological asymmetry of the yeast cell division allowed us to determine that the daughter cell (originated from the bud) was more frequently viable in these cases. This cannot completely explain an increase in the proportion of red (completely "cured") colonies, as the proportion of cell divisions where both cells were viable but have lost a prion was also increased in the lsb1⌬ lsb2⌬ strain. In cases when both products of the first post-HS division were viable and only one of them had lost a prion, heat-shocked lsb1⌬ lsb2⌬ cells showed a bias toward prion retention in the mother cell as observed previously (21) and now confirmed for the wild type strain (Fig. 1D ). The lsb1⌬ lsb2⌬ cells retained this bias after 4-h exposure to heat stress, whereas [PSI ϩ ] prion in the wild type strain was almost never lost. These data confirm a tendency to segregate the prion into the mother cell in the cell divisions following HS reported previously (21) , and show that Lsb depletion enhances this asymmetry.
Lsb1 and Lsb2 Bind to Each Other via N-terminal Domains, Which Are Also Required for Their Interactions with Sup35-
Previously we have shown that Lsb1 and Lsb2 interact with the Sup35 prion domain (26) . To identify domains of Lsb proteins involved in interaction with Sup35, we performed yeast twohybrid analysis (37) of various truncated constructs of Lsb1 and Lsb2 (Fig. 2, A and B) . Our data show that in each Lsb2 and Lsb1, the C-terminal 32 (Lsb2) or 59 (Lsb1) amino acids are dispensable, whereas the N-terminal 53 amino acids are essential (although not sufficient) for interactions with the Sup35 prion domain. We have also found that Lsb1 and Lsb2 interact with each other in yeast two-hybrid assays, and that their conserved N-terminal domains are both essential and sufficient for Lsb1/Lsb2 association (Fig. 2C ). In contrast, mutations at conserved Trp-90 (Lsb1) or Trp-91 (Lsb2) position, essential for most other SH3-mediated protein interactions (38) , did not abolish interaction of Lsb proteins with each other (Fig. 2C) . We have confirmed the Lsb1-Lsb2 interaction in cell extracts by pulldown experiments (Fig. 2D) .
Lsb1 Protein Undergoes Stress-inducible Processing at the C-terminal-Lsb1 protein, expressed from the endogenous chromosomal promoter, exists as two bands reacting with Lsb1/2 antibody on Western blots (Fig. 3A) , suggesting that it undergoes proteolytic processing. This result was reproduced in two different genotypic and prion backgrounds, OT55 ([PSI ϩ ]) (see Fig. 3A ) and MHY501 ([psi Ϫ ]) (data not shown). To determine which portion of the protein is lost on processing, we have constructed Lsb1 derivatives tagged with either HA or GFP at either the N or C terminus, and used tag-specific antibodies for protein detection. For N-tagged Lsb1, two bands were detected that correspond to the full size and processed protein (Fig. 3B ). In the case of C terminally tagged Lsb1, tag-specific antibody detected only a full-length band. This indicated that the lower molecular weight (M r ) Lsb1Ј band lacks the C-terminal region. Processing of Lsb1 did not depend upon the presence of Lsb2 protein, as it occurred efficiently in the lsb2⌬ strains (Fig. 3A) .
We have shown previously that levels of Lsb2 protein, but not full-length Lsb1 protein, are dramatically increased during HS (26) . However, we have now found that processed Lsb1 protein (Lsb1Ј) is increased in abundance (up to more than 5-fold) after 45-60 min at 39°C, despite only a slight increase in abundance of full-length Lsb1 (Fig. 3, C and D) . Therefore Lsb1 is actually induced by HS, however, Lsb1 processing is also induced, so that the level of the full size protein is not increased dramatically.
To determine the precise site of processing, full-length and processed HA-Lsb1 protein were purified from yeast and subjected to mass spectrometry analysis. Two adjacent tyrosine residues, Tyr-182 and Tyr-183, were identified as potential processing sites (Fig.  4A) . Mutation of each single tyrosine to alanine (Ala) resulted in only a slight decrease of HA-Lsb1 protein processing, whereas substitution of both tyrosines (Y182A,Y183A), completely prevented it (Fig. 4, B and C) . These mutations did not affect protein levels and stability of Lsb1 (Fig. 4D ). We made a truncated form of Lsb1 (1-183 amino acids) corresponding to the processed form Lsb1Ј and showed that it is accumulated at the levels similar to the wild type protein and has the same size as Lsb1Ј as judged by mobility on SDS-PAGE (Fig. 4D) , and isogenic lsb1⌬ and/or lsb2⌬ strains were pre-grown at 25°C, and aliquots were placed at 25 and 39°C. Serial decimal dilutions were prepared after the indicated periods of time, and 2.5 l of each dilution were spotted onto YPD medium. Plates were photographed after 6 days at 30°C. D, analysis of the first cell divisions after HS at 39°C. After resumption of cell division, mother and daughter cells were separated by micromanipulation. Only pairs where both mother and daughter were viable are presented (for viability data, see Table  2 ). For each type of mother/daughter [PSI ϩ ] distribution, numbers are shown. The probability of random deviation of the observed results from those expected in case of equal segregation of [PSI ϩ ] between the mother and daughter cells, calculated by using the -square approach, is indicated. (Fig.  4E) . The strain bearing both lsb2⌬ and lsb1-Y182A,Y183A exhibited increased prion loss after a longer incubation at 39°C. These data confirm the physiological relevance of Lsb1 processing, implicating it as a key event involved in Lsb1 function in prion maintenance during HS.
Lsb Proteins Co-localize with Each Other and with Sup35-Next, we employed fluorescence microscopy to determine whether Lsb1 and Lsb2 are co-localized in live cells. These experiments employed Lsb2-mCherry and both N-terminal and C-terminal GFP fusions to Lsb1. The N-terminal GFP fusion should allow visualization of both full size and processed Lsb1 isoforms, respectively, GFP-Lsb1 and GFP-Lsb1Ј (Fig. 3B) . In contrast, the C-terminal GFP fusion should allow only visualization of the full size Lsb1-GFP (Lsb1Ј is not identifiable because GFP is cleaved off by processing) and GFP-tagged C-terminal fragment of Lsb1 (Lsb1 CT -GFP) released during processing. We expected that the difference in localization of GFP-Lsb1 and Lsb1-GFP would permit a distinction between localization of full sized Lsb1 and cleaved Lsb1 (Lsb1Ј and Lsb1 CT ). Surprisingly the pattern of cellular distribution of GFP-Lsb1 and Lsb1-GFP was the same: the GFP signal was distributed throughout the cytoplasm and accumulated in multiple punctate structures and in larger aggregates (Fig. 5A ). This suggests that in both cases we are most likely observing local- promoter were incubated with anti-FLAG-agarose. Bound proteins were analyzed by SDS-PAGE and anti-HA immunoblotting. Lysate of cells expressing HA-Lsb1 and Myc-Lsb2-HA proteins was used as a control. 10% of total protein used for immunoprecipitation was loaded as the "lysate." The processed form of Lsb1 (see Fig. 3 ) is not distinguishable because of the overlap with more abundant Lsb2.
ization of a full size Lsb1 (GFP-Lsb1 and Lsb1-GFP). The cleaved forms of Lsb1 (Lsb1Ј and Lsb1 CT ) either are present at the same location as a full size protein or are not detectable. Indeed the amount of cleaved Lsb1 as detected by Western blot was smaller then the amount of the full size Lsb1 present in the same cells (Fig. 3, B and C) . As it has been shown previously (26) , Lsb2 was observed throughout the cytoplasm, accumulated in multiple punctate structures associated with actin patches, and in larger aggregates (Fig. 5A) . In most (although not all) punctate structures and aggregates, Lsb1 and Lsb2 proteins were co-localized (Fig. 5A) . N-terminal domains of Lsb1 and Lsb2 (1-53 and 1-52, respectively), tagged with fluorescent proteins did not form the punctate actin patch-associated structures (Fig. 5A ), confirming our previous data (26) showing the requirement for the SH3 domains of Lsb proteins in the association with actin structures.
To determine whether Sup35 aggregates are associated with Lsb1 structures, Lsb1-GFP and PrD-containing fragment of Sup35 (Sup35NM) tagged with dsRed were co-expressed at high levels in the [psi Ϫ RNQ ϩ ] strain. Sup35 aggregates were partially overlapping with or fully encircled by Lsb1 puncta (Fig.  5B) , as shown previously for Sup35 and Lsb2 (26) .
Lsb1 Is Ubiquitinated at Lys-79 by the E3 Ligase Rsp5-Previous large scale mass spectrometry analysis identified Lsb1 as a protein ubiquitinated at Lys-41 and Lys-79 residues (39) . To verify this, we expressed Lsb1 with the N-terminal HA tag at high levels under the P CUP1 promoter in the presence of Myc-Ub (29) . HA-Lsb1 accumulated as higher M r bands in addition to full-length and processed forms (Fig. 6A) . IP of HALsb1 from the strain expressing Myc-Ub confirmed that these high M r bands indeed represent ubiquitinated Lsb1 (Fig. 6B) . The truncated form of Lsb1 (1-183 amino acids), corresponding to Lsb1Ј, was also ubiquitinated (Fig. 4D) . Similarly, the Y182A,Y183A substitution did not affect ubiquitination of Lsb1 (Fig. 4D) . The amount of ubiquitinated Lsb1Ј varied among experiments. Possibly, Lsb1Ј-Ub is less abundant or more efficiently degraded, compared with Lsb1-Ub. Also, as Lsb1Ј-Ub migrates just above Lsb1, high levels of Lsb1 might hinder detection of Lsb1Ј-Ub at higher exposures (Fig. 6D) .
The Lsb1 K79R mutation increased the level of non-ubiquitinated Lsb1 and eliminated high M r bands, whereas the K41R mutation had no effect (Fig. 6, A and B) , indicating that under our conditions, Lys-79 is the major Lsb1 ubiquitination site. We constructed a strain bearing both lsb2⌬ and lsb1-K79R and demonstrated that the lsb1-K79R mutation did not affect prion loss. These data demonstrate that ubiquitination of Lsb1 is not critical for prion maintenance during HS.
We have confirmed previous data suggesting that the E3 Ub ligase Rsp5 is responsible for ubiquitination of Lsb1 (40, 41) by demonstrating that the P135A,P136A substitution within the Rsp5 recognition site (PY motif) of Lsb1, identified as PPSY 138 , abolishes Lsb1 ubiquitination (Fig. 6C) . In agreement with these data, the levels of Lsb1 and Lsb1Ј are dramatically increased in a strain harboring the temperature-sensitive muta-FIGURE 3. Processing of Lsb1. A, Lsb1, but not Lsb2, is processed. Lsb1 and Lsb2 expressed from endogenous promoter at the chromosomal foci were identified in cell lysates by anti-Lsb Ab. B, Lsb1 undergoes processing at the C terminus as detected by HA-tag/anti-HA Ab (left) and GFP-tag/anti-GFP Ab (right). N terminally or C terminally tagged proteins were expressed from plasmid P CUP1 promoter in cells growing at 30°C. C, HS induces processing of Lsb1 expressed from chromosomal endogenous promoter and detected by anti-Lsb Ab. Pgk1 protein detected by anti-Pgk1 Ab was used as a loading control (A-C). D, densitometry was used to determine the relative levels of total, processed, and unprocessed form of Lsb1 protein after 60 min at 39°C. Average measurements of levels of Lsb1 forms at 0 min at 39°C for each blot were set to a value 1.0 and compared with measurement of the same form of protein after 60 min at 39°C. The error bar represents mean Ϯ S.D. for 6 independent experiments in each case. OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40
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tion rsp5-1 (42) grown at non-permissive temperature, possibly due to blocked ubiquitination, leading to Lsb1 and Lsb1Ј accumulation (Fig. 6D) . It was difficult to use the rsp5-1 ts mutant for checking if Rsp5 regulates Lsb1 stability, because incubation at non-permissive temperature (37 o C) also affects levels and processing of Lsb proteins. Therefore, we have simultaneously expressed HA-Lsb1 and the dominant-negative mutant Rsp5⌬C from the P CUP and P GAL promoters, respectively, and used anti-HA Ab for Lsb1 detection. By using cycloheximide chase, we have observed partial stabilization of Lsb1 in the presence of Rsp5⌬C, compared with cells expressing endogenous wild type Rsp5 only (Fig. 6E) .
Processing of Lsb1 Is Inhibited by the Proteasome Inhibitor MG132-Several key cellular factors, including NF-B and
Spt23, are activated via limited proteolytic processing by the proteasome, following protein ubiquitination (43) . We thus asked whether Lsb1 processing depends on proteasome function and/or on ubiquitination. There are three eukaryotic 20 S proteasomal ␤-type proteolytically active subunits: Pre3, Pup1, and Pre2/Doa3, which provide the postacidic/post-glutamiclike, the trypsin-like, and the chymotrypsin-like activities, respectively (44) . To analyze the role of proteasome in the Lsb1 processing, we analyzed processing of Lsb1 in the double mutant pup1-T30,pre3-T20 defective in both postacidic/postglutamic-like and the trypsin-like activities and in temperaturesensitive mutant pre2-1/doa3-1 with defective chymotrypsinlike activity of the proteasome (Fig. 6, F and G) . We have found that Lsb1 is processed in both mutant strains. In the pup1-T30,pre3-T20 mutant the amount of processed and full size Lsb1 was not different from the amount in wild type cells (Fig.  6F) . Alternatively the amount of Lsb1 was increased in the doa3-1 mutant compared with a corresponding wild type strain. Therefore, there was more of processed Lsb1 (Lsb1Ј) present in the mutant then in a wild type cells grown at 25°C (Fig. 6G ). These differences could be explained by our previous finding that Lsb1 is a short-lived protein and its half-life is increased in the doa3-1 mutant (26) . The fact that Lsb1 is processed in both mutant strains manifests a possibility that all three proteasome activities can be involved in Lsb1 processing and compensate for each other in mutant strains. To completely inhibit all three proteasome proteolytic activities we decided to use a combination of MG132 (chemical inhibitor of chymotrypsin-like activity) and the pup1-T30,pre3-T20 mutant as described (45) . This also should eliminate an effect of higher temperature (37°C) on Lsb1 processing, which could affect the results of the experiment involving the temperaturesensitive mutant pre2-1/doa3-1. We have treated wild type and pup1-T30,pre3-T20 mutant cells with the proteasome inhibitor MG132. This treatment entirely abolished the Lsb1 processing, suggesting that, the chymotrypsin-like activity of the proteasome inhibited by MG132 (36), could be responsible for processing at least in the absence of two other activities (Fig. 6H ). An alternative explanation is that processing might be dependent on some other yet unknown MG132-sensitive protease, because MG132 is known to inhibit other proteases at higher concentrations (46) .
Full-length Lsb1 Is a Membrane-associated Protein-Processing of Lsb1 removes the C-terminal hydrophobic tail, which could potentially act as a transmembrane anchor. To determine whether processing influences the intracellular localization of Lsb1, we studied distribution of HA-Lsb1 between the soluble and pelleted (membrane-bound) fractions separated by centrifugation. Processed Lsb1 was found exclusively in the soluble fraction, whereas full-length protein was detected in similar amounts in both the soluble and pellet fractions (Fig. 7A) . Likewise, analysis of untagged Lsb1 protein expressed from the endogenous promoter demonstrates that only full-length Lsb1 is associated with the membrane fraction (data not shown ] strain MHY501. Lsb1 was extracted from the pellet fraction by detergents such as Triton X-100 or SDS, but not by high salt nor in a high pH buffer (Fig. 7B) , consistent with Lsb1 being a membrane-associated protein. Fractionation of the pellet fraction on a sucrose gradient confirmed co-sedimentation of Lsb1 exclusively with the fractions containing markers of endoplasmic reticulum (ER) or plasma membranes (Fig. 7C) . The processing-defective HA-Lsb1 protein with the Y182A,Y183A mutation was present in both soluble and pellet fractions, indicating that this mutation does not affect Lsb1 association with membranes (Fig. 7A) .
Fluorescence microscopy demonstrated that full-length Lsb1, tagged with fluorescent protein (GFP or mCherry) at the N terminus, is found in the cytosol, in multiple punctate structures associated with actin patches near the plasma membrane, and in the nuclear-ER rim when cells grow at 25°C (Fig. 8A , supplemental Movie S1). This interpretation is confirmed in cells with the position of the nucleus indicated by Hoechst staining (Fig. 8B) and by co-localization with ER marker protein Sbh1 (31) and nuclear envelope protein Mlp1-RFP (47) (Fig. 8,  C and D) . At a higher temperature (30°C), localization of GFPLsb1 to the nuclear-ER rim was lost (Fig. 8A) , consistent with the increased abundance of the processed form, which is confined to cytosol (see above). GFP-Lsb1 (1-182), corresponding to the processed form of Lsb1, was detected only in the cytosol and not in the nuclear-ER rim (Fig. 8E) . In contrast, the processing defective GFP-Lsb1Y182A,Y183A was localized to the nuclear-ER rim (Fig. 8, C and E) .
Ubiquitination Regulates Localization of Lsb1 to the Nuclear-ER Rim-Mutants deficient in ubiquitination (K79R, double K41R,K79R, or double P135A,P136A) were accumulated in the ER-nuclear rim at 25°C (supplemental Movie S2) as confirmed by co-localization with the nuclear envelope protein Mlp1 (Fig.  8D) . At 30°C mutants abolishing ubiquitination (K79R, double K41R,K79R, or double P135A,P136A) were still accumulated in the nuclear-ER rim to a high extent, whereas wild type and mutants with no defect in Lsb1 ubiquitination (K41R or W90S) were almost undetectable (Fig. 8F) . These data indicate that although ubiquitination is not obligatory for Lsb1 processing OCTOBER 3, 2014 • VOLUME 289 • NUMBER 40 (see above, Fig. 6, A-D) , it may affect cellular localization of Lsb1 and specifically its accumulation in the nuclear-ER rim.
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The GET Pathway Is Responsible for Targeting of Lsb1 to the ER Membrane-Membrane localization of proteins with C-terminal hydrophobic tails (tail-anchored, or TA proteins) depends on the GET-anchored proteins trafficking pathway. Interaction with the GET complex components prevents aggregation of cytosolic TA proteins until these proteins reach their target destination (48) . The abundance of hydrophobic amino acid residues in the C-terminal region of Lsb1 suggests that this region might function as a hydrophobic tail anchor. Indeed, GFP-Lsb1 localization to the nuclear-ER rim was abolished in cells with deletion of GET2, one of the key components of the GET pathway (Fig. 8G) . Moreover, the get2⌬ cells accumulated large aggregates of Lsb1, as typical for mislocalized TA proteins. These data demonstrate that Lsb1 is indeed a TA protein that is targeted to the ER-nuclear rim via the GET pathway.
DISCUSSION
Lsb1 and Lsb2 Are Components of the Cytoskeletal Machinery, Protecting the Cell from the Damaging Effect of Stress-induced
Protein Misfolding-Molecular chaperones and the ubiquitin proteasome system are major components of the protein quality control machinery that repairs or eliminates misfolded FIGURE 6. Effects of ubiquitin-proteasome system on Lsb1 processing. A, substitution of a single lysine residue, K79R, in Lsb1 prevents accumulation of high molecular weight (M r ) conjugates. HA-Lsb1, its derivatives, and Myc-Ub were expressed from the copper-inducible promoter P CUP1 . Lsb1 was detected with anti-HA Ab. B, high M r conjugates represent ubiquinated Lsb1. HA-Lsb1 and Myc-Ub were expressed from P CUP1 . Lsb1 was immunoprecipitated with anti-HA Ab. 10% of total protein used for immunoprecipitation was loaded as the "lysate." High M r conjugates of HA-Lsb1 react to anti-Myc Ab, confirming that they contain Myc-Ub. C, double P135A,P136A substitution in the potential Rsp5 binding site prevents Lsb1 ubiquitination. HA-Lsb1 wild type, mutant, and Myc-Ub were expressed from P CUP1 . Lsb1 was detected with anti-HA Ab. D, E3 enzyme Rsp5 is involved in Lsb1 ubiquitination. HA-Lsb1 was expressed from P CUP1 in wild type and rsp5-1 temperature-sensitive mutant cells growing at 37°C. HA-Lsb1 accumulates in mutant cells after 3 h of induction (left panel). Ubiquitinated Lsb1 can be detected in the wild type, but not in mutant cells after 24 h of induction (right panel). Lsb1 protein was identified by anti-HA Ab. E, partial stabilization of Lsb1 in cells deficient in Rsp5 activity. HA-tagged Lsb1 was expressed from the P CUP1 promoter in cells transformed either with vector (control) or plasmid expressing mutant Rsp5⌬C from P GAL promoter. Cells were grown in the presence of copper and galactose and protein levels of Lsb1 were analyzed at the indicated time points after the addition of cycloheximide (CHX). F, processing of Lsb1 is not affected in the mutant strain deficient in the trypsin-like (pre3-T20A) and postacidic/post-glutamic-like (pup1-T30A) activities of the proteasome. G, Lsb1 is processed in the mutant strain deficient in chymotrypsin-like activity of the proteasome (pre2-1/doa3-1). Cells were grown overnight, diluted in the morning, and incubated with shaking at 30°C (F) or at the temperature indicated (G). Equal amounts of cells were collected, lysed by boiling, and protein was detected by Western blot with anti-Lsb Ab. H, the Lsb1 processing is inhibited by MG132. Processed Lsb1 is not detected after inhibition of chymotryptic peptidase activity of the proteasome by the addition of the proteasome inhibitor MG132 to the wild-type (WT) strain or to the mutant, pup1-T30A,pre3-T20A defective in the other peptidase activities of the proteasome. Cells incubated with MG132 for the indicated periods of time were collected, lysed by boiling, and analyzed by Western blot with anti-Lsb Ab. Pgk1 protein detected by anti-Pgk1 Ab (A, C, D, F, and G) and Rpt5 protein detected by anti-Rpt5 Ab (H) were used as a loading control.
proteins during stress, as well as under normal conditions. Eukaryotic cells antagonize the toxicity of misfolded proteins not only by solubilizing them, but also by sequestering them into benign, amyloid-like species and/or depositing them into the quality control protein deposits (5-7, 49, 50) . Many proteins can form amyloids in vitro suggesting that the amyloid conformation is an ancient protein-fold (51) . In vivo, amyloids are formed in response to various perturbations in protein homeostasis, including aging-associated cell stress (52) . It has been suggested that at least in some cases, amyloids might be cytoprotective, whereas difficult to characterize soluble oligomers of misfolded proteins are the toxic species (20, 49) . Indeed, filamentous aggregates ("rings") of overproduced Sup35 protein are toxic, whereas formation of self-perpetuating amyloids (prions) ameliorates this toxicity, becoming a "lesser of two evils" (6) . Actin-rich complexes appear to provide initial sites for the assembly of protein aggregates (6) . Similar events may occur when misfolded proteins are accumulated during stress.
It was proposed that amyloid-like aggregates formed during unfavorable conditions could also be beneficial because they protect important proteins from degradation during stress (1). Indeed, stress granules, assemblies that protect pre-initiation mRNA complexes during stress, are formed with participation of TIA-1 protein containing a prion-like Q/N-rich domain (53) .
Asymmetric partitioning of stress-damaged and potentially toxic protein species between mother and daughter cells, known as spatial quality control, also serves as a mechanism of protection of "newborn" daughter cells from misfolded proteins. This partitioning depends on chaperones and the actin cytoskeleton (9, 15, 16, 54) . Mechanisms of mother-specific aggregate accumulation remain a matter of debate. Some researchers argue that slower diffusion of large structures through the bud neck is sufficient to explain aggregate retention in mother cells (13) . However, other data point to the involvement of targeted cytoskeleton-dependent aggregate retention and/or retrograde transport (10, 14) Notably, the yeast prion [PSI ϩ ] is also asymmetrically distributed in the cell divisions after stress, and this asymmetric distribution is chaperone-dependent (21) . The actin cytoskeleton is also involved in [PSI ϩ ] maintenance (4, 22) . This makes [PSI ϩ ] a powerful system for investigation of the mechanisms dealing with aggregated proteins during and after stresses.
Our previous studies have shown that Las17-binding protein Lsb2 plays a role in prion stabilization during HS (26) . Here we demonstrate that the Lsb2 paralog, Lsb1 has a similar effect (Fig. 1, A and B) . Moreover, double deletion of Lsb1 and Lsb2 exhibits a cumulative effect, resulting in prion loss even after prolonged incubation under stress conditions. The death of the mother cell after the first post-stress division is increased in lsb1⌬ lsb2⌬ cells compared with wild type cells, suggesting that cell death could be at least in part related to aggregated proteins that show the same pattern of asymmetry (Table 2) .
LSB2 expression is regulated by the stress-inducible transcription factor Hsf1 (55) and HS dramatically increases Lsb2 levels (26) . Surprisingly, this is not a case for full-length Lsb1 (Fig. 3C) . However, we found that Lsb1 is processed at the C terminus and that HS increases this processing (Fig. 3) . Pro- cessing-defective mutant Lsb1 is unable to prevent prion loss after long-term incubation (240 min) at high temperatures, similar to lsb1⌬ lsb2⌬ (Fig. 4E) . This confirms that Lsb1 processing is biologically significant. The processed form of Lsb1 is important for prion maintenance during stress and/or proper segregation after stress. Wild type GFP-Lsb1 and its mutant derivatives were expressed from the copper-inducible promoter, P CUP1 . A, GFP-Lsb1 forms a rim and small dots at the cell periphery in 40 -50% of cells growing at 25°C. At 30°C, GFP-Lsb1 is not present in the rim but is distributed over the cytoplasm and forms small dots in 96% of cells. B, GFP-Lsb1 rim, formed at 25°C, is colocalized with the nuclear-ER rim. Live cells expressing GFP-Lsb1 from P CUP1 were stained with Hoechst to indicate the positions of the nuclei. C, Lsb1 colocalizes with ER marker protein Sbh1. Proteins were expressed from plasmid promoters P CUP1 -mCherry-Lsb1 and P GAL -GFP-Sbh1 for 18 h. Colocalization was detected in all cells. D, GFP-Lsb1 expressed from the P CUP1 promoter colocalizes with nuclear envelope protein Mlp1-RFP expressed from endogenous promoter. Colocalization was detected in all cells. E, GFP-Lsb1 mutant deficient in processing (Y182A,Y183A) is present in the nuclear nuclear-ER rim in 40 -50% of cells, whereas the truncated version (1-183 amino acids) corresponding to the processed form of Lsb1 is observed only in the cytoplasm in all cells growing at 25°C. F, ubiquitination affects localization of Lsb1 to the nuclear-ER rim. GFP-Lsb1 WT and mutants not deficient in ubiquitination (K41R and W90S) do not associate with the nuclear-ER rim in almost all cells growing at 30°C. However, Lsb1 mutants deficient in ubiquitination (K79R, and K41R,K79R, and P135A,P136A) associate with the nuclear-ER rim in 60 -80% of cells growing at 30°C. The W90S mutant, defective in interaction with Las17, does not form small dots as has been reported previously. G, deletion of get2⌬ abolishes localization of wild type and ubiquitination-deficient (P135A,P136A) mutant GFP-Lsb1 to nuclear-ER rim at 25°C.
Mechanism of Lsb1
Processing-We have shown that the fulllength form Lsb1 is distributed through the cytoplasm, and associated with the plasma membrane and nuclear-ER rim, whereas the processed form is almost exclusively observed in the cytosol (Fig. 7) . Our data does not distinguish whether fulllength membrane-associated Lsb1 (located in the nuclear-ER rim) is a precursor, which gives rise to processed Lsb1, or if processing occurs by some other mechanism and the processed form is accumulated in the cytosol during stress (Figs. 3C and  7A ). Lsb1 possesses a hydrophobic C-terminal tail, and its association with the membrane depends on proper functioning of the GET pathway (Fig. 8G) , similar to known tail-anchored (TA) proteins. These proteins, whereas tethered to the ER membrane via hydrophobic tails, present their functional N-terminal domains to the cytosol (56) . Hydrophobic tails must be protected from uncontrolled aggregation until the proteins reach their target destination. Therefore, failure of the GET pathway, due to genetic alterations or physiological conditions, results in the cytosolic aggregation of TA proteins, which is also observed for Lsb1 in the GET-deficient strains (Fig. 8G) . Notably, some components of the GET pathway (e.g. Sgt2) also interact with amyloid-like aggregates (including yeast prions) and modulate chaperone effects on aggregates (31) . It is an attractive possibility that Lsb1 may also be involved in the assembly and detoxification of aggregates of TA proteins in the case of the GET pathway failure. Elevated temperatures (and possibly other stresses) induce processing of Lsb1. Processed Lsb1 apparently plays a role in the assembly of aggregate deposits during stress and then is degraded. Indeed, we observed that the processed form of Lsb1 is quickly eliminated after processing is inhibited (Fig. 6H) .
Processing of Lsb1 is abolished in the presence of the proteasome inhibitor MG132 (Fig. 6H) . One known proteasome-dependent processing pathway is a regulated ubiquitin/proteasome-dependent processing, which is essential for regulation of certain transcription factors, including those that are tethered to the ER membrane by a C-terminal transmembrane anchor (57) . Proteins must first be ubiquitinated to become subjects of regulated ubiquitin/proteasome-dependent processing. However, Lsb1 mutants with a defect in the major site of ubiquitination, or in the E3 ligase-binding site, still undergo efficient processing (Fig. 6, A-C) . It is possible that Lsb1 mutants are transiently ubiquitinated by another E3 ligase through other yet unidentified sites to induce processing, or that proteasomal processing of Lsb1 is ubiquitination-independent. It is also not excluded that the proteasome may stimulate Lsb1 processing indirectly. Because MG132 is known to inhibit other proteases at higher concentrations (46) , it is also possible that processing might be dependent on some other MG132-sensitive yet unknown protease. Either way, environmental stresses apparently trigger Lsb1 processing via stimulation of proteolytic activity.
Significance of Lsb1 Ubiquitination-The ubiquitin proteasome system plays a major role during environmental stress and also modulates prion behavior (58 -61). As we have indicated previously, the effects of stress on prions can be mediated, in part, by the action of the ubiquitin proteasome system on Lsb2 abundance and/or function (26) . In the case of Lsb1, both unprocessed and processed forms are ubiquitinated at the same residue, Lys-79, by the E3 ligase Rsp5 (Fig. 4D) . Appearance of a ladder of ubiquitinated Lsb1 species is suggestive of Lsb1 polyubiquitination (Fig. 6B) . This is in agreement with our previous finding that Lsb1 has a half-life of 15-20 min, and that both the half-life and steady-state levels of Lsb1 are dramatically increased in a proteasome mutant (26) . Ubiquitination of Lsb1 is not required for its processing (Fig. 6, A-D) and proper localization (Fig. 8D) . However, ubiquitination influences intracellular distribution of Lsb1 during stress. At high temperatures, localization of Lsb1 to the ER-nuclear rim is essentially lost in the wild type strain; however, it is still detected in the ubiquitination-deficient mutants (Fig. 8F) . Therefore, Lsb1 ubiquitination interferes with its localization to membranes in stress conditions.
Role of Lsb Proteins in Aggregate Maintenance during Heat Shock-We propose that several pathways are involved in detoxification of misfolded aggregated proteins during and after stress. One of the pathways operates via assembling misfolded proteins into the large quality control deposits, showing asymmetric segregation in cell divisions. This pathway protects daughter cells at the expense of aggregate-accumulating mothers. Another pathway, involving Lsb1 and Lsb2, sequesters toxic misfolded proteins to the actin assembly sites during HS. This sequestration, either occurring via direct interaction of Lsb1/2 with aggregates or mediated by other components, decreases the toxic effects of protein aggregation on both mother and daughter cells and prevents aggregated proteins from forming huge assemblies exhibiting asymmetric distribution in the cell divisions. This explains why mortality of mother cells in the post-HS divisions is increased in the absence of Lsb proteins. In the case of self-perpetuating protein aggregates (prions), Lsb proteins protect them from stress-induced destabilization via antagonizing their sequestration into the large quality control deposits.
It is possible that in addition to generating an aggregateinteracting derivative of Lsb1, its processing is also involved in HS signaling. Lsb2 and both full size and processed forms of Lsb1 are short lived and quickly removed from cells via ubiquitination and degradation, which would be expected of signaling molecules. Moreover, after a quick surge at the beginning of stress treatment, Lsb2 levels go down if stress conditions persist (26) . These properties restrict the roles of Lsb proteins in nonstressed cells (or in the cells adapted to new conditions), so that Lsb "pro-aggregation" properties become confined to the periods of environmental (or physiological) changes. Taken together, our results suggest that dynamic induction, processing, and degradation of actin cytoskeleton components serve as a regulatory mechanism, minimizing the toxic effects of protein misfolding and maximizing the protective effects of controlled protein aggregation in changing environment.
